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Abstract: Pyrolysis of high density polyethylene (HDPE) in the open system 
was studied. A plastic bag for food packing was used as a source of HDPE. 
Pyrolysis was performed at temperatures of 400, 450 and 500 °C, which were 
chosen based on thermogravimetric analysis. The HDPE pyrolysis yielded 
liquid, gaseous and solid products. Temperature rise resulted in the increase of 
conversion of HDPE into liquid and gaseous products. The main constituents 
of liquid pyrolysates are 1-n-alkenes, n-alkanes and terminal n-dienes. The 
composition of liquid products indicates that the performed pyrolysis of HDPE 
could not serve as a standalone operation for the production of gasoline or 
diesel, but preferably as a pre-treatment to yield a product to be blended into a 
refinery or petrochemical feed stream. The advantage of a liquid pyrolysate in 
comparison to crude oil is the extremely low content of aromatic hydrocarbons 
and the absence of polar compounds. The gaseous products have desirable 
composition and consist mainly of methane and ethene. The solid residues do 
not produce ash by combustion and have high calorific values. Co-pyrolysis of 
HDPE with mineral-rich lignite indicated positive synergetic effect at 450 and 
500 °C, which is reflected through the increased experimental yields of liquid 
and gaseous products in comparison to theoretical ones.  
Keywords: high density polyethylene; open pyrolysis system; TGA–FTIR; 
GC–MS; lignite; synergetic effect.  
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INTRODUCTION 
The plastics are one of the most widely used materials. The plastics pro-
duction has increased by an average of almost 10 % every year on a global basis 
since 1950.1 High density polyethylene (HDPE) is the third largest produced 
plastic material in the world, after polyvinyl chloride and polypropylene, in terms 
of volume. It was estimated that 1.75 kg of petroleum (in terms of energy and 
raw materials) is necessary to make 1 kg of HDPE.2 
The recycling of plastics and the conversion of polymeric materials into use-
ful products, on the large scale, have been occurring for more than 20 years. The 
recycling of plastics could be performed via pyrolysis, hydrolysis, hydrogenation, 
methanolysis and gasification. The most attractive technique for the recycling of 
hydrocarbon polymers, such as HDPE, low density polyethylene and polypropyl-
ene is pyrolysis.1 The pyrolysis process considers the thermal cracking of the 
polymeric material by heating in the absence of oxygen, which results in the 
formation of a solid residue (char), liquid product and gas. Yields of the products 
mainly depend on the pyrolysis temperature, the reactor type and the presence of 
catalysts. The pyrolysis of HDPE is usually conducted at temperatures between 
400–600 °C. The most common catalysts used in this process are: zeolites, 
alumina, silica–alumina, fluid catalytic cracking (FCC) catalyst, reforming cat-
alyst etc.1,2 The usage of catalyst facilitates the degradation of HDPE at lower 
temperatures, even below 400 °C and changes reaction mechanism from radical 
into ionic.2–5 Numerous studies provide the data regarding the optimized HDPE 
catalytic pyrolysis conditions, giving the highest yield of liquid or gaseous 
products. The brief overview of the literature data is given in the Supplementary 
material to this paper.  
However, in recent years apart from the pyrolysis of waste HDPE alone, or 
in the mixture with other plastic waste material, its co-pyrolysis with oil shale 
and coal gained increasing attention.6-9 Namely, the plastic materials, such as 
polyethylene and polypropylene can be the source of hydrogen, during the pyro-
lysis of hydrogen depleted natural products, such as coal. In that way the co-
pyrolysis of HDPE and coal results in the balance of carbon and hydrogen con-
tents, giving the opportunity to certain advantages of the co-pyrolysis process. 
However, the optimized conditions for catalytic pyrolysis of HDPE alone are not 
appropriate for the pyrolysis of coal. On the other hand it was proven that the 
pyrolysis of coal or oil shale in the closed system favours the secondary pro-
cesses due to the retention of products in the reaction medium. The close contact 
and the interaction of primary pyrolysis products with each other, as well as with 
the hot particles for relatively long time (at least few hours) facilitate the second-
ary reactions, such as further thermal oil cracking, coking of oil vapour on carbon 
residue, as well as recombination, condensation and aromatisation processes.10–13 
This results in higher yields of gas and solid residue in the closed system. Addi-
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tionally, the yield of the solid residue can be affected by the coke aggregates and 
its accumulation on the solid residue.10 On the other hand, in the open system, the 
secondary processes occur less, because of the relatively short residence time of 
the primary generated products, that are being carried by an inert gas, and then 
immediately collected in a cold trap.14 Recently, the pyrolysis in the open system 
has been proven as a method for significant thermal degradation of the following 
polymeric materials: carboxymethyl cellulose, hydroxyethyl cellulose, polyacryl-
amide and poly(vinylpyrrolidone) as well as for the accurate detection of their 
primary pyrolysis products.15–17  
Considering that the pyrolysis of oil shale and coal in the open system pre-
vents secondary processes, enabling higher yield of liquid products and that their 
co-pyrolysis with HDPE can be an attractive way to improve the conversion of 
these natural substrates into liquid products, as well as for the utilisation of waste 
HDPE, in the present paper pyrolysis of HDPE in the open system was studied in 
detail. Plastic bag for food packing was used as a source of HDPE. Its purity and 
thermal behavior was checked by elemental analysis and thermogravimetric ana-
lysis (TGA). Pyrolysis was performed at temperatures of 400, 450 and 500 °C. 
These temperatures were chosen based on TGA results. The solid residues were 
characterised by elemental analysis. The composition of liquid pyrolysis products 
was determined by the gas chromatography–mass spectrometry (GC–MS) tech-
nique, whereas the qualitative composition of gaseous products was estimated 
indirectly, based on Fourier transform infrared spectroscopy (FTIR) data from 
TGA. In order to compare the degradation behaviour of HDPE with cracking of 
kerogen from oil shale and coal in natural conditions, the stable carbon isotopic 
composition of the initial HDPE, solid and liquid pyrolysis products was mea-
sured. The possible application of obtained pyrolysis products has been proposed. 
Moreover, by co-pyrolysis of HDPE and mineral-rich lignite in the open system, 
positive synergetic effect at temperatures of 450 and 500 °C has been observed.   
EXPERIMENTAL 
A plastic bag for food packing was used as the raw HDPE material.  
Thermogravimetric analysis (TGA) was conducted using a Netzsch STA 449C instru-
ment. 5.3 mg of sample was heated from 27 to 900 °C, at heating rate of 10 °C min-1. Nitrogen 
was used as the purge gas with the flow rate of 60 cm3 min-1. The heating rate of 10 °C min-1 
was chosen, because at high heating rates, especially for endothermic reactions, the furnace 
temperature increases faster than the sample temperature, resulting in error of measurement, 
particularly when analysis is carried out in non-isothermal mode.18 Fourier transform infrared 
spectroscopy (FTIR) was applied for the qualitative identification of generated gases, using 
ATI Matson Infinity Series FTIR instrument. The flow rate of nitrogen was chosen to opti-
mize analysis of gases. TGA–FTIR analysis was done at the Department of Product Engin-
eering, Montanuniversität Leoben, Austria, whereas other analyses were performed at the Fac-
ulty of Chemistry, University of Belgrade.   
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Pyrolysis of HDPE was performed in the open system (Carbolite tube furnace model 
MTF 10/15/130, UK) under a nitrogen atmosphere during 4 h at three temperatures: 400, 450 
and 500 °C, with the heating rate of 5 °C min-1. The temperature range between 400 and 500 
°C was chosen, based on the thermogravimetric properties of HDPE. The furnace (15 cm 
long) was equipped with a quartz tube (inner diameter 1 cm), which was 4.5 time longer than 
furnace. The quartz tube was situated within the furnace and the equal parts of the quartz tube 
were outside of furnace. The tube was connected with the nitrogen supply at the one side, 
while the other was connected with a trap (cooled to 0 °C), filled with 20 cm3 of chloroform to 
which the pyrolysis products were transferred by the N2 flow. The liquid products were col-
lected in the cold trap, where the released gases could not be collected. The sample (1 g) was 
situated in the quartz vessel and the vessel with the sample was transferred into the pyrolysis 
furnace in the middle of the quartz tube. 
The liquid product was extracted from the pyrolysis system using chloroform and com-
bined with liquid product collected in the cold trap. Chloroform was removed by a rotary 
vacuum evaporator. The liquid product was dried to the constant mass at ambient conditions. 
The solid residue was dried in air and weighed, whereas yield of gas was calculated as: 100 % 
– (yield of liquid pyrolysate + yield of solid residue). Pyrolysis of HDPE at all three tempera-
tures was performed 4 times and the average yields are reported here with standard deviations 
less than 0.5 %.  
The liquid pyrolysis products obtained by the HDPE pyrolysis were analysed by gas 
chromatography–mass spectrometry (GC–MS). The detailed description of this analysis is 
given in the previous publications.13,19,20  
The elemental analysis and the determination of ash content of the initial HDPE and the 
solid residues were performed according to the procedures which were explained in detail in 
the previous papers.20,21  
For the determination of the carbon isotopic composition (δ 13C) of initial HDPE, liquid 
and solid pyrolysis products, 0.2–0.6 mg of sample was weighted using the microbalance 
(MX-5 ultramicrobalance, Mettler–Toledo, Giessen, Germany) and the sample was transferred 
into a small tin container (IVA Analysentechnik Meerbusch, Germany). The container was 
closed by tweezers. The capsules were placed in an autosampler (Thermo Scientific MAS 
200R). A Flash EA 2000 HT elemental analyser was used, coupled to a Thermo Scientific 
Delta V Advantage isotope ratio mass spectrometer, via ConFlow IV Interface (He pressure: 
80 kPa, CO2 pressure: 200 kPa). The elemental analyser was operated in the NC (nitrogen– 
–carbon) mode and controlled by the Isodat 3.0 software. Settings of elemental analyser were: 
reactor temperature 1020 °C, GC temperature 60 °C, carrier flow 100 cm3 min-1, O2 flow 250 
cm3 min-1, O2 injection time 1 s and autosampler delay 16 s. The CO2 reference gas pulse was 
introduced two times (20 s each) at the beginning of each run. The ConFlo interface (Thermo 
Scientific) diluted the CO2 sample peak with helium in a split of 1:10. The CO2 reference gas 
used to calculate the δ13C values in each analytical run was calibrated with a laboratory work-
ing standards (glucose monohydrate, acetanilide and aspartic acid), which were calibrated 
against certified reference materials (BCR-657 glucose and IAEA-600 caffeine). The Delta V 
Advantage (IRMS) mass spectrometer with a triple ion collector was used to simultaneously 
measure the signals at m/z 44, 45 and 46 of the molecular ions of the CO2 formed by the 
sample combustion. One run took approximately 10 min. The stable isotope ratios are rep-
orted in delta notation (δ13C) relative to the Pee Dee Belemnite (PDB) standard (δ13C = 
= (13C/12C)sample/(13C/12C)standard − 1). The delta notation is expressed in parts per thousand 
(‰).  
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In order to evaluate the synergetic effect between HDPE and the low rank coal, the pyro-
lysis of the mineral-rich lignite, originated from the Kostolac Basin20 and its co-pyrolysis with 
HDPE in the mass ratio 1:1 (lignite/HDPE mixture) were also performed under the same con-
ditions as for HDPE alone. Mineral-rich coal was chosen since this lithotype contains lower 
amount of organic matter than matrix- and xylite-rich coal.22,23 Therefore, it allows to study of 
the influence of HDPE on the lowest quality low rank coal, by co-pyrolysis. As for the pyro-
lysis of HDPE alone, all experiments were repeated 4 times and the average yields are rep-
orted here with standard deviations less than 0.3 and 0.5 % for lignite and lignite/HDPE mix-
ture, respectively. 
RESULTS AND DISCUSSION 
Results of TGA analysis 
The purity and the thermal properties of plastic bag, which was used as a 
source of HDPE, were evaluated by TGA and elemental analysis (Fig. 1; Table 
I). Both analyses were in accordance with previously reported results.1,24 TGA 
indicates that the thermal degradation of HDPE starts about 420 °C and almost 
finishes about 500 °C (Fig. 1). The differential scanning calorimetry (DSC) 
showed two main peaks (Fig. 1). The first peak at 130 °C corresponds to the 
melting of HDPE without the loss of mass. The second peak, associated with the 
mass loss, started at 390 °C and finished at 505 °C. The presence of a single peak 
in the derivative weight loss analysis (Fig. 1) indicates that there is only one 
degradation step in which the conversion takes place. The temperature of the 
maximum volatile matter releasing is 481.6 °C, and maximum rate of the volatile 
matter evolution of 33.52 % is observed at 483.6 °C. Temperatures for the open 
pyrolysis experiments were chosen based on TGA data. Although the appreciable 
mass loss at 400 °C was not recorded, the pyrolysis in the open system was per-
formed at this temperature in order to check the influence of time (4 h at 400 °C 
versus only 6 s in TGA).  
 
Fig. 1. The characteristic mass loss (TGA; full line), differential scanning calorimetry (DSC; 
dashed line) and derivative weight loss (DTG; dotty line) curve of HDPE. 
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TABLE I. Elemental analysis and molecular formulas of initial HDPE and solid pyrolysis 
products  
Sample C, % H, % O, % Molecular formula 
Initial HDPE 84.90 14.70 0.40 CH2.08O0.0035 
Solid residue at 400 °C 86.22 13.60 0.18 CH1.89O0.0016 
Solid residue at 450 °C 86.26 13.59 0.15 CH1.89O0.0013 
Solid residue at 500 °C 86.37 13.55 0.08 CH1.88O0.0007 
Yields of the HDPE pyrolysis products 
The pyrolysis of HDPE in the open system yielded liquid (oil), gaseous and 
solid products. The distributions of these products are different at different tem-
peratures and are shown in Table II.  
TABLE II. Yields (%) of the pyrolysis products 
Sample HDPE Lignite Lignite/HDPE mixture 
t / °C Liquid Gas Solid Liquid Gas Solid Liquid Gas Solid 
400 12.96 7.41 79.63 1.11 16.02 82.87 7.49 11.37 81.14 
450 21.32 11.51 67.17 1.19 19.82 78.99 15.79 21.08 63.13 
500 33.94 15.77 50.29 1.20 20.08 78.72 23.95 40.01 36.04 
As expected, the increase of the temperature from 400 to 500 °C resulted in 
the increase of HDPE conversion into liquid and gaseous products (Table II). The 
increase of oil yield, associated with the decrease of yield of the solid residue, 
was more pronounced between 450 and 500 °C than between 400 and 450 °C. 
This result is consistent with the results of TGA (Fig. 1). On the other hand, the 
increase of yield of gases between 400 and 450 °C, as well as between 450 and 
500 °C was uniform, about 4 % (Table II). This result implies that the secondary 
process of the further thermal oil cracking into gas is avoided to the great extent 
in the open system pyrolysis. 
Carbon isotopic composition of initial HDPE, solid and liquid pyrolysis products 
The results of the carbon isotopic composition of initial HDPE, solid and 
liquid pyrolysis products (gases were not measured) are given in Table III. The 
initial HDPE has δ13C of –31.3 ‰. The liquid and the solid products at 400 °C 
are enriched in 13C in comparison to the initial HDPE. The content of 13C is 
higher in solid than in liquid product. This result indicates that the degradation of 
polymer in the open system pyrolysis follows the order of degradation of the 
carbon–carbon bonds in natural conditions, since the breaking of chemical bonds 
in which 13C isotope participates requires more energy than the breaking of 12C– 
–12C bonds.25 The increase of temperature from 400 to 450 °C results in further 
degradation of solid residue enriched in 13C, which is reflected through the inc-
reased content of 13C in liquid product (Table III). Moreover, by the temperature 
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increase to 450 °C the liquid product can be partly degraded to lighter gaseous 
products (enriched in 12C), which also contributes to its 13C enrichment. The tem-
perature increase from 450 to 500 °C is associated with further degradation of the 
solid product, whose yield decreased (Table II) and the production of liquid and 
gas. In accordance with the preferable cleavage of bonds where 12C participates, 
the enrichment of liquid product in 12C and the solid residue in 13C was observed 
(Table III). Data considering the isotopic compositions of HDPE and its pyrolysis 
products are scarce in literature. Despite the usage of different HDPE sources, 
our results are close to the reported δ13C data of the individual n-alkanes in liquid 
pyrolysates of HDPE at 500 °C, ~ –30 ‰.26 
TABLE III. Carbon isotopic composition (δ13C / ‰) of initial HDPE, liquid and solid pyro-
lysis products; initial HDPE: –31.30 
Temperature, °C Liquid Solid residue 
400  –31.03 –30.40 
450 –30.88 –30.59 
500 –30.96 –30.48 
The composition of liquid pyrolysis products 
The main constituents of all liquid pyrolysates of HDPE are terminal n-alk-
enes, n-alkanes and terminal n-dienes (Fig. S-1 of the Supplementary material; 
Table IV). These compounds are identified in range from C12 to C43. Peaks of 
individual n-alkenes, n-alkanes and n-dienes can be accurately separated and int-
egrated from the Total Ion Chromatogram (TIC) up to C27 homologue. Therefore, 
the general composition of liquid pyrolysis products were firstly estimated based 
on the total abundances of C12–C43 hydrocarbons, representing the sum of n-alk-
anes, 1-n-alkenes and terminal n-dienes, containing the same number of carbon 
atoms (Table IV).  
The liquid pyrolysis product obtained at 400 °C is characterised by a broad 
maximum in range from C24 to C32 (Fig. S-1a; Table IV). The liquid pyrolysis 
product at 450 °C has almost equal abundances of C15 to C33 total hydrocarbons, 
whereas in liquid pyrolysate at 500 °C the most prominent are C15–C19 hydro-
carbons (Fig. S-1b, c; Table IV). This result suggests that in the open system 
pyrolysis at temperatures below 450 °C HDPE is mainly degraded into mid- to 
long-chain hydrocarbons, while above this temperature more intense cracking of 
mid- and long-chain intermediates occurs as well. This is consistent with the 
observation that lower molecular weight models of the normal chain unit are 
more stable than the initial polymer.2 In all three liquid pyrolysates, the terminal 
n-alkenes in range C12–C27 prevail over the corresponding n-alkanes and the ter-
minal n-dienes, reaching the almost identical content of ≈51 %. The temperature 
increase from 400 to 500 °C resulted in the rise of n-diene content, associated 
with almost equal decrease in n-alkane abundance (Table IV). 
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TABLE IV. Percents of C12–C43 total hydrocarbons (n-alkane + 1-n-alkene + terminal 
n-diene), percents of total C12–C27 n-alkanes, 1-n-alkenes and terminal n-dienes and their 
ratios in liquid pyrolysates, calculated from TIC  
Temperature, °C Hydrocarbon C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 
400  1.10 2.02 2.73 3.23 3.43 3.52 3.61 3.59 3.81 3.72 4.06 
450 1.80 2.72 3.52 3.99 4.01 4.07 4.04 4.01 3.90 3.73 3.94 
500 0.24 1.74 3.59 4.70 4.90 5.12 5.27 5.06 4.81 4.29 4.29 
Temperature, °C C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33 
400  3.92 4.38 4.30 4.44 4.30 4.50 4.27 4.31 4.05 4.18 3.86 
450 3.83 4.04 3.86 4.07 3.81 3.96 3.73 3.84 3.58 3.60 3.47 
500 3.98 4.08 3.95 3.83 3.65 3.70 3.44 3.44 3.11 3.21 2.94 
Temperature, °C C34 C35 C36 C37 C38 C39 C40 C41 C42 C43  
400  3.69 3.15 2.82 2.15 1.54 1.40 1.01 0.98 1.33 0.63  
450 3.44 2.92 2.47 2.17 1.85 1.46 1.32 1.16 0.93 0.75  
500 2.84 2.51 2.21 1.91 1.74 1.43 1.18 0.96 1.21 0.68  
Temperature, °C
Total C12–C27a n-alkanes, 1-n-alkenes 
and terminal n-dienes, % Ratios of sum of C12–C27 homologues 
n-Alkanes 1-n-Alkenes Terminal n-dienes 
1-n-Alk-
enes/ 
n-alkanes 
Terminal 
n-dienes/ 
1-n-alkenes 
Terminal 
n-dienes/ 
n-alkanes 
400  40.95 51.38 7.66 1.25 0.15 0.19 
450 37.73 51.50 10.77 1.37 0.21 0.29 
500 35.00 51.50 13.50 1.47 0.26 0.39 
aCx designates n-alkane, 1-n-alkene or terminal n-diene homologue, and x represents number of carbon atoms 
The application of typical ion fragmentogram m/z 71 enabled the accurate 
separation and the integration of n-alkane peaks of up to C32. The liquid pyrolysis 
product obtained at 400 °C is characterised by the predominance of mid- and 
long-chain C23 to C32 n-alkanes over lower homologues (C12–C22), with the broad 
maximum in range from C24 to C28. The liquid pyrolysis product at 450 °C has 
almost uniform contents of C12 to C32 n-alkanes, whereas in the pyrolysate at 500 
°C the prevalence of lower homologues (C12–C22) is obvious, with maxima in 
C15–C18 range (Fig. 2a). The liquid pyrolysis product obtained at 500 °C has the 
distribution of n-alkanes similar to those typical of terrestrial oil.25 The contents 
of short- (C12–C18), mid- (C19–C25) and long-chain (C26–C32) homologues indicate 
that the temperature rise is mainly reflected through the decrease of long-chain 
homologues, associated with the increase of short-chain n-alkanes, whereas the 
abundance of the mid-chain homologues remains almost constant (Fig. 2; Table V). 
The average chain length (ACL) showed a slight decrease with the tempe-
rature rise (Table V). The carbon preference index (CPI)27 values, representing 
the ratios of odd versus even n-alkanes are close to 1, in whole range of n-alkanes 
(C12–C32), as well as for short- (C12–C18), mid- (C19–C25) and long-chain (C26– 
–C32) homologues, independently of the pyrolysis temperature. However, a slight 
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predominance of the odd homologues is observed for short-chain homologues, 
C12–C18 (Table V). 
 
Fig. 2. Distributions of individual C12–C32 n-alkanes (a), C12–C32 1-n-alkenes (b), C12–C26 
n-alkylcyclohexanes, n-АСН (c) and C12–C32 terminal n-dienes (d) in liquid pyrolysates.  
The distribution of terminal n-alkenes was studied using typical m/z 83 frag-
mentogram ion, allowing the accurate separation and the integration of peaks of 
up to C32. Distributions of terminal n-alkenes in liquid pyrolysates, at all three 
temperatures, are very similar to the distributions of n-alkanes (Fig. 2a, b), 
having almost identical ACL and CPI values (Table V). This result suggests that 
these two types of hydrocarbons were formed via the same radical reaction pro-
cesses, consistent with the presence of a single peak in the derivative weight loss 
analysis (Fig. 1). 
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TABLE V. Parameters calculated from distributions of individual n-alkanes (m/z 71), 1-n- 
-alkenes (m/z 83), n-alkylcyclohexanes (m/z 83) and terminal n-dienes (m/z 81) in liquid pyro-
lysates  
t / °C 
n-Alkanes 
C12–C18 
% 
C19–C25 
% 
C26–C32 
% 
ACLa 
C12–C18
ACL 
C19–C25
ACL 
C26–C32
CPIb 
C12–C32
CPIc 
C12–C18
CPId 
C19–C25 
CPIe 
C26–C32 
400  28.43 35.39 36.18 15.45 22.06 28.93 1.01 1.06 1.00 0.99 
450 33.89 33.34 32.77 15.28 21.98 28.98 1.01 1.04 0.99 1.00 
500 34.76 35.90 29.34 15.76 21.79 28.93 1.01 1.08 1.00 0.99 
t / °C 
1–n–Alkenes 
C12–C18 
% 
C19–C25 
% 
C26–C32 
% 
ACL 
C12–C18
ACL 
C19–C25
ACL 
C26–C32
CPI 
C12–C32
CPI 
C12–C1)
CPI 
(C19–C25) 
CPI 
C26–C32 
400  27.06 36.57 36.38 15.63 22.05 28.86 0.96 1.04 0.94 0.95 
450 33.16 35.21 31.63 15.46 21.94 28.87 0.97 1.03 0.95 0.95 
500 34.20 37.75 28.04 15.90 21.75 28.80 0.97 1.05 0.96 0.95 
t / °C 
n–Alkylcyclohexanes 
C12–C16 
% 
C17–C21 
% 
C22–C26 
% 
ACL 
C12–C16
ACL 
C17–C21
ACL 
C22–C26
CPIf 
C12–C26
CPIg 
C12–C16
CPIh 
C17–C21 
CPIi 
C22–C26 
400  26.38 39.55 34.07 14.48 19.16 23.94 1.09 1.20 1.10 1.06 
450 31.74 38.55 29.71 14.43 19.02 23.87 1.11 1.13 1.15 1.08 
500 30.20 44.22 25.58 14.79 19.01 23.75 1.02 1.16 1.02 1.04 
t / °C 
Terminal n–dienes 
C12–C18 
% 
C19–C25 
% 
C26–C32 
% 
ACL 
C12–C18
ACL 
C19–C25
ACL 
C26–C32
CPI 
C12–C32
CPI 
C12–C18
CPI 
C19–C25 
CPI 
C26–C32 
400  33.97 37.58 28.45 15.62 21.92 28.82 1.02 1.11 0.99 1.02 
450 41.31 35.65 23.04 15.42 21.83 28.75 1.04 1.11 1.00 1.01 
500 40.07 39.01 20.92 15.94 21.66 28.68 1.04 1.10 1.05 1.02 
aACL – Average chain length; CPI – carbon preference index determined for distributions of n-alkanes, 1-n- 
-alkenes, n-alkylcyclohexanes and terminal n-dienes; bCPI (C12-C32) = 1/2x[Σodd (C13-C31)/Σeven (C12-C30) + 
+ Σodd (C13-C31)/Σeven (C14-C32)]; cCPI (C12-C18) = 1/2x[Σodd (C13-C17)/Σeven (C12-C16) + Σodd (C13-C17)/Σeven 
(C14-C18)]; dCPI (C19-C25) = 1/2x[Σodd (C19-C25)/Σeven (C18-C24) + Σodd (C19-C25)/Σeven (C20-C26)]; eCPI (C26- 
-C32) = 1/2x[Σodd (C27-C31)/Σeven (C26-C30) + Σodd (C27-C31)/Σeven (C28-C32)]; fCPI (C12-C26) = 1/2x[Σodd (C13- 
-C25)/Σeven (C12-C24) + Σodd (C13-C25)/Σeven (C14-C26)]; gCPI (C12-C16) = 1/2x[Σodd (C13-C15)/Σeven (C12-C14) + 
Σodd (C13-C15)/Σeven (C14-C16)]; hCPI (C17-C21) = 1/2x[Σodd (C17-C21)/Σeven (C16-C20) + Σodd (C17-C21)/Σeven 
(C18-C22)]; iCPI (C22-C26) = 1/2x[Σodd (C23-C25)/Σeven (C22-C24) + Σodd (C23-C25)/Σeven (C24-C26)]; Cx 
designates n-alkane, 1-n-alkene, n-alkylcyclohexane or terminal n-diene homologue, and x represents total num-
ber of carbon atoms 
The detailed inspection of m/z 83 fragmentogram ion allowed us to identify 
n-alkylcyclohexanes ranging from C12 to C26 (total number of carbon atoms; Fig. 
2c), however in much lower abundance in comparison to n-alkanes, n-alkenes 
and n-dienes. The presence of n-alkylcyclohexanes in all pyrolysates indicates 
the cyclisation of alkyl-radicals during pyrolysis. The ratio of total n-alkylcyclo-
hexanes to total 1-n-alkenes, calculated from m/z 83 fragmentogram is relatively 
uniform, ~ 0.03, showing slight increase from 400 to 450 °C and then slight dec-
rease from 450 to 500 °C. The distributions of n-alkylcyclohexanes are similar in 
all pyrolysates, showing maxima at C21 (Fig. 2c). This result could be explained 
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by the fact that the long-chain radicals (> C25) have been more easily cracked 
than cyclised, since lower molecular weight normal chain units are more stable 
than the longer ones.2 During pyrolysis, the content of long-chain radicals dec-
reases, whereas the contents of mid- and short-chain ones increase. Mid- and 
short-chain radicals undergo further cracking, but in low extent they cyclise 
forming mainly alkylcyclohexanes, as in natural conditions (bitumen and crude 
oil).25,28 With the increasing thermal stress, cracking is favoured which is docum-
ented by the additional n-alkylcyclohexane maxima at C19, and C16, C18 (Fig. 2c) 
in pyrolysates obtained at temperatures of 450 and 500 °C, respectively.  
ACL shows slight decrease with temperature rise, whereas CPI values indi-
cate slight predominance of odd over even homologues particularly in short 
homologues range (C12–C16, Table V). Distributions of n-alkylcyclohexanes at 
450 and 500 °C showed difference in comparison to distributions of n-alkanes 
and 1-n-alkenes, which reflects through the increased content of mid-chain- and a 
slight decrease of short-chain homologues (Table V). 
Distributions of terminal n-dienes were studied using typical m/z 81 ion frag-
mentogram, which enabled the accurate separation and integration of peaks up to 
C32. The liquid pyrolysis product obtained at 400 °C is characterised by the relat-
ively uniform abundance of all homologues, and in difference to n-alkanes and 
n-alkenes no prevalence of higher over lower homologues is observed (Fig. 2d). 
Liquid pyrolysis products at 450 and 500 °C have higher content of shorter 
homologues, particularly the latter one. Distributions of short- (C12–C18), mid- 
(C19–C25) and long-chain (C26–C32) dienes in pyrolysates at 450 and 500 °C show 
similarity with the distributions of n-alkylcyclohexanes, which reflects through 
the increase in content of mid- and slight decrease in short-chain homologues 
(Table V). ACL values are similar to those for n-alkanes and terminal n-alkenes, 
indicating that all three types of hydrocarbons are formed in the same type of 
radical processes. CPI values are very close to 1, however as in previous cases 
slight predominance of odd over even homologues is observed for the short-chain 
C12–C18 dienes (Table V).  
The liquid pyrolysates contained very low amount of aromatic hydrocarbons. 
n-Alkylbenzenes (m/z 92) and n-alkyltoluenes (m/z 105) represent the exclusive 
aromatics found in HDPE pyrolysates, however in traces which avoided their int-
egration and quantification. These compounds have been formed via dehydrocyc-
lisation of reactive radicals. However, in the open system, short time of remain-
ing and fast releasing of the primary pyrolysis products from the reaction 
medium by an inert gas disable secondary processes, including the formation of 
aromatic compounds, which resulted in their trace content. 
The above mentioned discussion implies that HDPE can be converted into 
valuable liquid product by pyrolysis in the open system. This is particularly rel-
ated to the pyrolysate obtained at 500 °C, which has n-alkane distribution similar 
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to crude oil of terrestrial origin (Figs. S-1c and 2a).25 Pyrolysate at 450 °C has the 
n-alkane distribution similar to the immature crude oil of terrestrial origin (Figs. 
S-1b and 2a). The pyrolysate obtained at 400 °C is characterised by the preval-
ence of waxy hydrocarbons (Figs. S-1a and 2a), which indicates that under the 
applied conditions this temperature is not sufficient for the producing of liquid 
product, having the composition of n-alkanes similar to crude oil. This is con-
sistent with the results of TGA analysis (Fig. 1), which showed negligible deg-
radation of HDPE at 400 °C. Considering that by pyrolysis HDPE was exposed 
to heating at 400 °C for 4 h, in difference to TGA (6 s), however without signific-
ant degradation, the conclusion can be drawn that temperature has much more 
influence on the degradation process than the time of exposure to the particular 
temperature. This behaviour is similar to the behaviour of kerogen (insoluble org-
anic matter in coal, oil shale and source rocks) during natural maturity pro-
cesses.29 The presence of reactive n-alkenes and n-dienes in liquid pyrolysates is 
desirable, since these hydrocarbons can be more easily converted into branched 
and cyclic hydrocarbons than n-alkanes, via reforming processes, therefore giving 
the opportunity for producing the high-octane gasoline. On the other hand, term-
inal n-alkenes, which can be isolated, are highly required in petrochemical ind-
ustry where they are used as chemical feedstock for plastic and detergent manu-
facture.30  
The obtained results showed that the pyrolysis of HDPE in an open system 
could not serve as a standalone operation for producing of gasoline or diesel, but 
preferably as a pretreatment to yield a product which is to be blended into a refin-
ery or a petrochemical feed stream. The important environmental characteristic 
of liquid pyrolysate in comparison to crude oils is the extremely low content of 
aromatic hydrocarbons, the absence of undesirable organosulphur compounds, as 
well as the absence of asphaltenes and polar compounds which requires vacuum 
distillation.  
The composition of gaseous products 
Gaseous products produced in the open system pyrolysis could not been 
analysed. However the qualitative composition of gases was estimated based on 
TGA coupled to Fourier transform infrared spectroscopy (FTIR), Fig. 3.31,32 
The gaseous products of HDPE destruction are light alkane and alkene hyd-
rocarbons. The presence of gaseous alkanes is documented by the peaks around 
2950 cm–1, representing C–H stretching and the peaks around 1370 cm–1, repre-
senting C–H scissoring and bending (Fig. 3). Gaseous alkenes are represented by 
peaks at around 3100 cm–1, corresponding to C–H stretching, peaks around 1450 
cm–1 corresponding to C=C stretching, as well as by peaks observed around 910 
cm–1 corresponding to C–H bending (Fig. 3). Much more pronounced peaks of 
C–H than of C–C or C=C vibrations indicate that the main gaseous products are 
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methane and ethene. The production of CO2 (peaks between 2300 and 2400 cm–1 
corresponding to C=O stretching) can be explained by the presence of the minor 
amount of oxygen in initial HDPE (Table V), most probably originating from the 
additives which are intercalated to improve the properties of HDPE.33 The further 
reaction of released CO2 with hydrocarbons at high temperatures (above 850 °C) 
resulted in the formation of CO, whose presence is documented by peaks 
between 2100 and 2200 cm–1, representing C–O stretching (Fig. 3). The obtained 
result suggests that the pyrolysis of HDPE produces valuable gaseous products, 
rich in methane and ethene. 
Fig. 3. TGA–FTIR thermogram of 
HDPE representing absorbance 
with respect to time and wave-
number. A time of 20 min cor-
responds to a temperature of 227 
°C, 40 min to 427 °C, 60 min to 
627 °C, 80 min to 827 °C. The 
ramp rate was 10 °C min-1. 
The composition of solid pyrolysis products 
The results of elemental analysis and the corresponding calculated molecular 
formulae of initial HDPE and solid residues are given in Table I. The solid 
residues at all temperatures are slightly depleted in hydrogen in comparison to 
the initial HDPE, which is expected due to the releasing of n-alkanes into liquid 
pyrolysate and methane into gas, which are enriched in hydrogen. The initial 
HDPE and solid residues at all three temperatures do not produce ash by com-
bustion.  
The calculated net calorific value based on 9 formulas proposed for hydro-
carbon fuels and waste material (including plastic)34-41 of the initial HDPE and 
the solid residues ranged from 38.91 to 46.74 MJ kg–1 (Table VI) and is in agree-
ment with reports from literature.1,30,42–44 The calorific value of the initial HDPE 
and the solid pyrolysis products is higher than those of bituminous coal and pet-
roleum coke.44,45 
Despite the high net calorific values, it can be supposed that the solid resi-
dues have undesirable combustion behaviour, due to the melting during com-
bustion. In order to modify the combustion behaviour of the solid residues, its 
mixing with biomass or coal was suggested. Namely the mixing of coal or bio-
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mass with plastic residues can have a stabilizing effect on the plastic residues 
morphology and can prevent its melting during combustion.46 Based on the 
obtained results, the mixing of solid residues with coal or biomass for combust-
ion process has advantage, since the solid materials obtained by HDPE pyrolysis 
do not contain sulphur and do not produce ash by combustion.  
TABLE VI. Calculated net calorific values (MJ kg-1) of initial HDPE and solid pyrolysis 
products 
Sample Qn1a  Qn2 Qn3 Qn4 Qn5 Qn6 Qn7 Qn8 Qn9 
Initial HDPE 44.25 46.74 46.59 44.71 46.61 42.09 39.30 42.36 43.69 
Solid residue at 400 °C 43.84 45.88 45.73 43.96 45.75 41.87 38.91 41.76 43.15 
Solid residue at 450 °C 43.85 45.89 45.73 43.97 45.75 41.90 38.91 41.77 43.15 
Solid residue at 500 °C 43.87 45.89 45.73 43.97 45.75 41.98 38.93 41.77 43.16 
aQn – Net calorific value; Qn1 = = 38.2 x mass proportion of C + 84.9 x (mass proportion of H − mass proportion 
of O/8) – 0.62;34 Qn2 = 34.1 x mass proportion of C + 121.4 x mass proportion of H − 15.3 x mass proportion of 
O + 10.5 x mass proportion of S;34 Qn3 = 33.9 x mass proportion of C + 121.5 x mass proportion of H − 12.7 x 
mass proportion of O + 9.3 x mass proportion of S;34 Qn4 = 33.4 x mass proportion of C + 117.7 x mass 
proportion of H − 15.6 x mass proportion of O;35 Qn5 = 33.8 x mass proportion of C + 122.3 x (mass proportion 
of H − mass proportion of O/8) + 9.4 x mass proportion of S;36 Qn6 = (106.4 + 0.149 x mass proportion of O) x 
(mass proportion of C/3 + mass proportion of H − mass proportion of O/8 + mass proportion of S/8) − 22.0 x 
mass proportion of H;37 Qn7 = (1.52 x mass proportion of H + 98.8) x (mass proportion of C/3 + mass proportion 
of H − mass proportion of O/8 + mass proportion of S/8) – 22.0 x mass proportion of H;38 Qg – Gross calorific 
value; Qg8 = 33 x mass proportion of C + 120 x mass proportion of H − 16 x mass proportion of O;39 Qg9 = 35.2 
x mass proportion of C + 116.2 x mass proportion of H + 6.3 x mass proportion of N + 10.5 x mass proportion 
of S − 11.1 x mass proportion of O;40,41 Qn = Qg – 21.96 x mass proportion of H34,42 
Co-pyrolysis of mineral-rich lignite and HDPE in the open system 
As for HDPE, rise of the temperature resulted in the increase of conversion 
of both lignite and lignite/HDPE mixture into liquid and gaseous products. How-
ever, the increase is much more prominent for HDPE and lignite/HDPE mixture, 
than for lignite alone (Table II).  
The evaluation of the interactions between lignite and HDPE has been car-
ried out by comparing the experimental yields of the co-pyrolysis of the mixture 
lignite/HDPE and the theoretical (calculated) yields = (yield of lignite + yield 
HDPE)/2 (Table VII). At the temperature of 400 °C the experimental and calcul-
TABLE VII. Comparison of the experimental yields of the co-pyrolysis of the mixture 
lignite/HDPE and theoretical (calculated) yields 
Yield Lignite/HDPE mixture 
(experimental) 
Lignite/HDPE mixture 
(theoretical)a 
Difference (experimental yield 
– theoretical yield) 
t / °C Liquid, % Gas, % Solid, % Liquid, % Gas, % Solid, % Liquid, % Gas, % Solid, % 
400 7.49 11.37 81.14 7.04 11.71 81.25 0.45 –0.34 –0.11 
450 15.79 21.08 63.13 11.26 15.66 73.08 4.53 5.42 –9.95 
500 23.95 40.01 36.04 17.57 17.92 64.51 6.38 22.09 –28.47 
aTheoretical (calculated) yield = (yield of lignite + yield HDPE)/2; yields of the products of HDPE and lignite 
pyrolysis are given in Table II 
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ated yields are very similar, indicating no synergetic effect between lignite and 
HDPE. This result can be attributed to the thermal stability of HDPE up to 400 
°C (Fig. 1). However, at the temperatures of 450 °C and particularly 500 °C, the 
experimental yields of gas and liquid products are obviously higher than the theo-
retical ones (Table VII), indicating the synergetic effect between lignite and 
HDPE. At both temperatures 450 and 500 °C where synergetic effect was obs-
erved, the difference between the experimental yields and calculated yields is 
higher for gaseous than for liquid products. This result is consistent with the 
predominance of type III kerogen in lignite, which has higher gaseous than liquid 
hydrocarbon generation potential.20,25 
CONCLUSION  
The pyrolysis of HDPE in the open system yielded liquid (oil), gas, and solid 
residue. Rise of the temperature from 400 to 500 °C resulted in the increase of 
conversion of HDPE into liquid and gaseous products.  
The isotopic compositions of the pyrolysis products indicate that pyrolysis of 
HDPE in the open system follows the order of degradation of carbon–carbon 
bonds in natural conditions. 
The main constituents of all liquid pyrolysates are terminal n-alkenes, n-alk-
anes and terminal n-dienes. They were identified in range from C12 to C43. 
n-Alkylcyclohexanes are observed in very low amount, confirming the cyclisat-
ion of reactive radicals. n-Alkylbenzenes and n-alkyltoluenes were identified in 
trace amounts, which documents that the secondary processes are avoided in the 
open pyrolysis system. The rise of pyrolysis temperature resulted in the increase 
contents of mid- and short-chain homologues, in the distributions of all men-
tioned hydrocarbons. The increase of pyrolysis temperature is associated with the 
increased content of n-dienes and lower content of n-alkanes, whereas terminal 
n-alkenes comprise about 50 % of liquid pyrolysate at all temperatures. The 
pyrolysate obtained at 400 °C is characterised by the prevalence of waxy hyd-
rocarbons, which indicates that under the applied conditions this temperature is 
not sufficient to produce the liquid pyrolysate, having the composition of n-alk-
anes similar to crude oil. Distribution of n-alkanes in pyrolysate at 500 °C is 
similar to those of crude oil of terrestrial origin.  
The obtained results showed that pyrolysis of HDPE in the open system 
could not serve for direct producing of gasoline or diesel. However, it is useful as 
a pretreatment to yield a product to be blended into a refinery or petrochemical 
feed stream. Remarkable environmental characteristic of liquid pyrolysate in 
comparison to crude oil is extremely low content of aromatic hydrocarbons and 
absence of asphaltenes and polar compounds. 
The gaseous products produced by the pyrolysis of HDPE have desirable 
composition and consist mainly of methane and ethene. The generation of hydro-
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carbon-rich liquid and gaseous products from HDPE can improve the compo-
sition of liquid pyrolysates and gases from coal and oil shale by the co-pyrolysis 
process.   
The solid residues showed high calorific values. However, the solid products 
probably have undesirable combustion behaviour, due to the melting during 
combustion. Therefore their mixing with coal or biomass is suggested. The mix-
ing of solid residues with coal/biomass for combustion process has advantage, 
since the solid materials obtained by HDPE pyrolysis do not contain sulphur and 
do not produce ash by combustion.  
The co-pyrolysis of HDPE with mineral-rich lignite indicated the positive 
synergetic effect at 450 and 500 °C, which is reflected through the increased 
experimental yields of liquid and gaseous products in comparison to the theoret-
ical ones. 
SUPPLEMENTARY MATERIAL 
Additional information and total ion current of liquid pyrolysates are available electron-
ically at the pages of journal website: http://www.shd.org.rs/JSCS/, or from the corresponding 
author on request.  
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И З В О Д  
ИСПИТИВАЊЕ ПИРОЛИЗЕ ПОЛИЕТИЛЕНА ВИСОКЕ ГУСТИНЕ У ОТВОРЕНОМ 
СИСТЕМУ И ПРОЦЕНА ЊЕГОВЕ ПОДОБНОСТИ ЗА КОПИРОЛИЗУ СА ЛИГНИТОМ 
ИВАН КОЈИЋ, ACHIM BECHTEL1, FRIEDRICH KITTINGER2, НИКОЛА СТЕВАНОВИЋ3, МАРКО ОБРАДОВИЋ4 
и КСЕНИЈА СТОЈАНОВИЋ3 
Универзитет у Београду, Иновациони центар Хемијског факултета, Студентски трг 12–16, 11000 
Београд, 1Montanuniversität Leoben, Department of Applied Geosciences and Geophysics, Peter Tunner 
Strasse 5, A-8700 Leoben, Austria, 2Montanuniversität Leoben, Department of Product Engineering, 
Franz-Josef-Strasse 18, A-8700 Leoben, Austria, 3Универзитет у Београду, Хемијски факултет, 
Студентски трг 12–16, 11000 Београд и 4Универзитет у Београду, Машински факултет, 
Краљице Марије 16, 11000 Београд 
Проучавана је пиролиза полиетилена високе густине (high density polyethylene, 
HDPE) у отвореном систему. Као извор HDPE коришћена је пластична кеса за паковање 
хране. Пиролиза је изведена на температурама 400, 450 и 500 °C које су одабране на 
основу резултата термогравиметријске анализе. Пиролизом HDPE добијени су течни, 
гасовити и чврсти производи. Пораст температуре резултовао је повећаном конверзијом 
HDPE у течне и гасовите производе. Главни састојци течних пиролизата су 1-n-алкени, 
n-алкани и терминални n-диени. Састав течних пиролизата показује да изведене пиро-
лизе HDPE не могу послужити као једини процес за директно добијање бензина или 
дизела, већ првенствено као предтретман за добијање производа који би се мешали са 
нафтом у рафинеријама, или се користили као петрохемијске сировине. Предност 
течних пиролизата у односу на сирову нафту је изузетно низак садржај ароматичних 
угљоводоника и одсуство поларних једињења. Гасовити производи пиролизе имају поже-
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љан састав и садрже претежно метан и етен. Чврсти остаци добијени пиролизом HDPE 
не стварају пепео при сагоревању и имају високу топлотну моћ. Копиролиза HDPE са 
земљастим литотипом лигнита на 450 и 500 °C указала је на позитиван синергетски 
ефекат, који се одражава кроз повећане експерименталне приносе течних и гасовитих 
производа у поређењу са теоријским. 
(Примљено 15. децембра 2017, ревидирано 6. фебруара, прихваћено 9. фебруара 2018) 
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